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Abstract
Topological modes in one- and two-dimensional systems have been proposed for
numerous applications utilizing their exotic electronic responses1–7. The zero-energy,
topologically protected end modes can be realized in the Su-Schrieffer-Heeger (SSH)
model8, which has been experimentally implemented in atomic-scale solid-state struc-
tures and in ultra-cold atomic gases9,10. While the edge modes in the SSH model
are at exactly the mid-gap energy, other paradigmatic 1D models such as trimer
and coupled dimer chains have non-zero energy boundary states4,5,11. However, these
chains have not been realized in an atomically tuneable system that would allow ex-
plicit control of the edge modes. Here, we demonstrate atomically controlled trimer
and coupled dimer chains realized using chlorine vacancies in the c(2 × 2) adsorp-
tion layer on Cu(100)9,12,13. This system allows wide tuneability of the domain wall
modes that we experimentally demonstrate using low-temperature scanning tunneling
microscopy (STM). In the future, these modes may be used to realize well-defined
fractional charge states or find applications in exotic quantum devices with atomically
well-defined geometries8,11,14,15.
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Theoretical models of materials are often formulated using tight-binding (TB) models
describing hopping between localized electronic orbitals. This means that given sufficient
control, one can realize artificial materials by assembling the desired structure from individ-
ual constituents that are suitably coupled. This can be achieved using atom manipulation
by the tip of a scanning tunneling microscope (STM), which allows placing each atom indi-
vidually into a well-defined, pre-determined position9,12,13,16–21. It is thus possible to build
designer quantum materials with ultimate control over their electronic structure through
atomic assemblies. This has been used to demonstrate formation of quantum confined one-
or two-dimensional electronic systems, and artificial lattices with e.g. honeycomb and Lieb
symmetries9,13,17,19–24.
These concepts can be naturally also applied to topological materials and systems with
interface and edge states can be constructed9. In one-dimensional (1D) systems, the dimer
chain (e.g. polyacetylene) is the prototypical example of a 1D topological material8. The
system comprises of dimers with a strong hopping between the sites (t1), and weaker hopping
between the dimers (t2). Depending on the choice of the unit cell (see Fig. 1a), the chain can
exist in two, topologically distinct, ground states. If we create a structure where we go from
one phase to the other, there will necessarily be a domain wall with a localized state8,9,25,26.
This state is protected in the sense that it is impossible to get rid of it without closing the
bulk energy gap. The existence of this state can be understood in the form of a soliton
state with a polarization charge ±e/2 on the boundary of the two ground states of dimer
chain. The electronic structure in the presence of such a domain wall has a in-gap state
that is always exactly at the midgap energy due to an unpaired site on the boundary. This
is not necessarily the case for 1D chains consisting of sites with different on-site energies or
more complicated unit cells with three or more atoms4,27–29. Despite the body of theoretical
work on trimer and coupled dimer chains, experimental demonstrations are very scarce. A
seminal contribution on self-assembled indium atomic wires on Si(111) demonstrated the
formation of coupled dimer chains with four topological distinct bulk phases4. Cheon et
al. identified different kinds of interfaces between the phases and showed that the interface
states in these double Peierls chains can be understood as topological chiral solitons4,5.
While self-assembled chains produces a stochastic distribution of domain walls with differ-
ent structures and properties, nanoassembly allows one to realise a predetermined combina-
tion of boundaries. We use atomic manipulation to realize paradigmatic 1D model systems
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FIG. 1. Domain walls in dimer and trimer chains. a,b, Schematic of dimer (a) and trimer (b)
chain with a domain wall. c, Calculated energy spectra of finite dimer and trimer chains hosting
a domain wall with t1 = 0.14 eV, t2 = 0.04 eV
9. While the in-gap state in a dimer chain is pinned
to mid-gap, domain wall in a trimer chain results tunable in-gap states depending on the hopping
t3.
of trimer and coupled dimer chains. Using low-temperature STM, we fabricate atomically
precise structures, which allows tuning the various system parameters with atomic level con-
trol. Here, we use the localized electronic states hosted in chlorine vacancies in the chlorine
c(2 × 2) structure on Cu(100) as building blocks, which have recently be used to create
artificial systems with designer electronic structures9,13. We focus on linear systems where
the unit cell is more complicated (trimer and coupled dimer chains) and demonstrate the
formation of tuneable interface states between different ground states of the system. The
domain walls between different trimer and coupled dimer states can in principle be used to
prepare localized and well-defined fractional charges and to manipulate them.
Fig. 1b shows a schematic of a trimer chain. Similarly to dimer chains, joining sections of
trimer chains with different unit cells necessarily results in the formation of a domain wall
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FIG. 2. Experimental realization of a trimer chain. a, STM topography (top) and dI/dV spectra
recorded on a line along the trimer chain. b, Experimental dI/dV and simulated LDOS maps
at the biases indicated in the figure. Theoretical plots are based on a tight-binding model with
t1 = 0.14 eV, t2 = t3 = 0.04 eV. Scale bars, 2 nm.
that cannot be removed from the system by a local perturbation. Perfectly trimerized chains
(intratrimer hopping t1, and intertrimer hopping t2) have three distinct topological phases
and an electronic structure with three separate bands. In a system containing a domain
wall, localized states appear in the band gaps11,30. The electronic structure based on TB
calculations in finite dimer and trimer chains are illustrated in Fig. 1c. The TB parameters
correspond to the experimental values of the chlorine vacancy system9 (details of the TB
calculations are given in the Supplementary Information (SI)). Analyzing the nature and
the number of the localized states, it is clear that they arise from bonding and antibonding
combinations between the states on the domain wall site and the nearest trimer units.
Fig. 2a shows a realization of a trimer chain with a domain wall in the chlorine vacancy
system introduced in Refs.9,12,13. Sample preparation and the details of the STM experiments
are described in the SI. In this experimental system, it is difficult to access the higher energy
gap of the trimer chain as it is close to the conduction band of the chlorine layer9. In
addition to the STM topography, Fig. 2a shows dI/dV spectra measured along the trimer
chain. The localized states at the domain wall are clearly visible at the bias of around 3.5
V. The localized state can be clearly visualized also in the spatially-resolved dI/dV maps,
where low energy maps show delocalized states along the whole chain and the domain wall
states are visible at the biases corresponding to energies close to the on-site energy (in line
with TB predictions).
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FIG. 3. Tuning the energies of the domain wall states. a, Experimental realizations of modulating
the hopping t3 into the domain wall site. Scale bars, 2 nm. b, Background corrected experimental
dI/dV spectra (off-set for clarity) recorded at the domain wall for the three different structures
shown in panel a. c, Energies of the trimer chain in-gap states depending on the hopping t3 along
with the experimental points corresponding to the structures in panel a. Theoretical plots are
based on a tight-binding model with t1 = 0.14 eV, t2 = t3 = 0.04 eV. The shaded areas indicate
the three bands of the bulk trimer chain and the dashed vertical line marks t3 = t2.
With atomic level control, we can move away from the perfect dimerization or trimeriza-
tion and tune the hoppings between the bulk chains and the domain wall. In the case of a
dimer chain, this is expected to have no effect on the energy spectrum as the domain wall
state is at zero energy due to symmetry reasons. However, in the case of a trimer chain, we
expect that we can move the states within the band gaps. We demonstrate the tuneability of
the domain wall states in the trimer chains experimentally in Fig. 3. By fabricating different
configurations next to the domain wall, we can tune the hopping t3 from 0.04 eV (weakest)
to 0.14 eV (strongest). This results in a shift of the energy of the domain wall states that are
plotted in Fig. 3c with quantitative agreement between the TB model and the experiments.
The states remain in the gaps as long as the hopping t3 is not much smaller than the weaker
hopping t2 in the chain.
Similarly to the dimer chain, where the domain wall supports fractional charges ±e/2 (per
spin) at half filling, the domain walls between trimer states shifted by one-third (two-thirds)
of a unit cell support e/3 (2e/3) charge per spin when the lowest band is filled8,11. When an
electron is added to the state in the gap between the lowest and the middle band, the domain
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wall charge state changes by −e. Thus the fractional charge of the domain wall can be tuned
by controlling the filling of the in-gap state. The possible charge states at a domain wall are
integer multiples of e/3, being insensitive to the precise domain wall geometry and in this
sense a topological property. Despite the long history of the theoretical studies of trimer
chains and their domain wall states, the present work is the first step towards realizing their
exotic properties in solid state devices.
In addition to the tuneable energy of the domain wall states, more complicated chain
structures allow attaching additional quantum numbers to the domain wall states. This
was demonstrated for the self-assembled coupled indium dimer chains on silicon, where
certain domain wall states can be viewed as topological chiral solitons4,5. Atomic level
control allows us to go further and fabricate arbitrary domain walls in coupled dimer chains.
Our artificial system readily gives access to domain walls between any of the four different
unit cell geometries (Fig. 4a). We have realized all the structures shown in Fig. 4b and
characterized the domain wall states using dI/dV spectroscopy and mapping. The calculated
band structures for the domain walls in in Fig. 4b are shown in Fig. 4c. The bulk chain has
in principle four bands, but using the hoppings corresponding to our experimental system,
the two higher energy bands overlap.
If the dimer chains are weakly coupled, the coupled system can be thought of as a
perturbation to a single dimer chain. In this case, the domain wall states can be classified
based on whether they shift the dimerization in only one (AA→ AB) or both chains (AA→
BB). This will allow constructing cyclic processes between the different dimerizations that
correspond to pumping charge through the system (AA → AB → BB → BA → AA) or
not (AA→ BB → AA)4,5. In our case, the coupling between the chains is stronger and it is
no longer a weak perturbation compared to a single chain. Nevertheless, we can construct
analogeous domain walls that act differently on the dimerizations of the two chains. Fig. 4d
shows examples of domain walls that either shift the dimerization in only a single chain
(left) or in both chains (right). Again, the experimental results are fully in-line with the
TB predictions, indicating that the simple model can be used to design more complicated
structures. For example, we could realize the different cyclic domain wall structures indicated
above.
In conclusion, we have demonstrated engineering domain wall states in artificial struc-
tures fabricated with atomic level control. Trimer chains allow fabricating domain walls
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FIG. 4. Domain wall states in coupled dimer chains. a, The four ground states of a coupled dimer
chains. b, different kinds of domain walls that we have constructed. c, The energy diagrams of the
domain walls shown in panel b. d, Experimental realizations of the t1t1 → t2t1 and t1t1 → t2t2
domain walls. Scale bars, 2 nm.
where energy level positions can be tuned through the coupling between the bulk chain and
the domain wall site. More complicated structures that can be realized in coupled dimer
chains allow domain wall states with additional degrees of freedom (chirality). In the future,
extending the atomic manipulation using automated schemes12,13 will make it possible to
7
realize atomically precise contacts to the domain wall structures. This will open new possi-
bilities with atomically well-defined devices with domain wall states with fractional charges
(depending on the chemical potential of the system), topological charge pumping and other
exotic quantum devices.
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SUPPLEMENTARY INFORMATION
I. TIGHT-BINDING CALCULATIONS
The hopping parameters used in the tight-binding calculations are illustrated in Fig. 5.
We have used the values reported earlier for vacancies in the Cl c(2 × 2) system9. The
nearest hopping is t = 0.14 eV, and the other next nearest hoppings are 0.07 eV, 0.05 eV
and 0.04 eV, respectively. The simulated LDOS maps were calculated with an estimated
broadening of 0.18 eV for all states.
√3a2a
2√2a
3a
t=0.14 eV t=0.07 eV t=0.05 eV t=0.04 eV
FIG. 5. The different hopping parameters used in the tight-binding calculations.
II. DOMAIN WALL IN A TRIMER CHAIN CONSISTING OF TWO VACANCIES
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FIG. 6. Experimental realization of a domain wall consisting of two vacancies in a trimer chain.
a, STM topography (top) and dI/dV spectra recorded on a line along the trimer chain. b, Exper-
imental dI/dV and simulated LDOS maps at the biases indicated in the figure. Theoretical plots
are based on a tight-binding model with t1 = 0.14 eV, t2 = t3 = 0.04 eV. Scale bars, 2 nm.
In addition to the single vacancy domain wall shown in Fig. 2 in the main text, we have
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also fabricated a domain wall consisting of two vacancies in a trimer chain. Fig. 6a shows
STM topography and dI/dV spectra measured along the trimer chain. The two vacancy
domain wall results in localized states that are bonding and antibonding combinations of
the vacancy site wavefunctions. These states can be easily visualized by spatially-resolved
dI/dV maps, where the bonding and anti-bondings states are visible at biases around 3.35
V and 3.5 V, respectively (see Fig. 6b).
III. ADDITIONAL RESULTS ON COUPLED DIMER CHAINS
We have also fabricated additional coupled dimer chain with a t1t1 → t1t2 domain wall
and characterized the domain wall states using dI/dV spectroscopy and mapping. The
calculated band structure for the domain wall shown in Fig. 7a is presented in Fig. 7b.
While the dI/dV maps taken at low biases show delocalized states along the whole chain,
the domain wall states are localized at the domain boundary and can be visualized in the
spatially-resolved dI/dV maps taken at corresponding bias voltages shown in the Fig. 7c.
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FIG. 7. Experimental realization of coupled dimer chain with a t1t1 → t1t2 domain wall. a
Schematic of the structure. b, The energy level diagram of the domain wall shown in a. c, Ex-
perimental dI/dV and simulated LDOS maps at the biases indicated in the figure. Scale bars, 2
nm.
12
IV. SAMPLE PREPARATION
All sample preparations and experiments were carried out in an ultrahigh vacuum system
with a base pressure of∼10−10 mbar. The (100)-terminated copper single crystal was cleaned
by repeated cycles of Ne+ sputtering at 1.5 kV, annealing to 600 ◦C. To prepare the chloride
structure, anhydrous CuCl2 was deposited from an effusion cell held at 300
◦C onto the warm
crystal (T ≈ 150 - 200◦C) for 180 seconds. The sample was held at the same temperature
for 10 minutes following the deposition.
V. STM EXPERIMENTS
After the preparation, the sample was inserted into the low-temperature STM (Unisoku
USM-1300) and all subsequent experiments were performed at T = 4.2 K. STM images
were taken in the constant current mode. dI/dV spectra were recorded by standard lock-
in detection while sweeping the sample bias in an open feedback loop configuration, with
a peak-to-peak bias modulation of 20 mV at a frequency of 709 Hz. Line spectra were
acquired in constant height; the feedback loop was not closed at any point between the
acquisition of the first and last spectra. Manipulation of the chlorine vacancies was carried
out as described previously9,12. The tip was placed above a Cl atom adjacent to a vacancy
site at 0.5 V bias voltage and the current was increased to 1 to 2 µA with the feedback
circuit engaged. The tip was then dragged towards the vacancy site at a speed of up to
250 pm/s until a sharp jump in the z-position of the tip was observed. This procedure lead
to the Cl atom and the vacancy site exchanging positions with high fidelity.
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